Room temperature diffusion of 63 Ni in Cu with a gradient microstructure prepared by surface mechanical attrition treatment ͑SMAT͒ was investigated by applying the radiotracer technique. The results reveal significant penetration of Ni into the nanostructured layer. The relevant diffusivity is higher than that along the conventional high-angle grain boundaries by about six orders of magnitude. This behavior is associated with a higher energy state of internal interfaces produced via plastic deformation. The diffusivity in the top surface layer is somewhat smaller than that in the subsurface layer. This fact is related to nanotwin formation in the former during SMAT. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2992628͔
Severe plastic deformation ͑SPD͒ is an attractive route for producing nanostructured materials. Although the diffusion behavior in SPD materials is currently a hot topic, there are still some controversies. This is mostly due to two reasons: strong microstructural changes during the thermal diffusion treatment and the lattice dislocation effect on interface diffusion.
By means of surface mechanical attrition treatment ͑SMAT͒, 1,2 a surface layer with a gradient microstructure has been produced on a Cu plate of 99.995 wt % purity. The detailed microstructural characterization can be found in Ref. 3 . The grain size increases first gradually with the depth, from about 10 nm at the top surface to about 100 nm at a depth of 25 m and then approaches the original micrometer level at a depth larger than 500 m. The surface layer with such a gradient structure provides us a unique opportunity to study the effect of microstructure, particularly of grain size and of interface structure, on interface diffusion in a nanocrystalline material.
A previous study indicated that Ni significantly penetrates into the nanostructured surface layer of Cu produced by SMAT even at a temperature as low as 383 K. 4 To suppress a possible effect of thermally induced structure variation during the diffusion annealing treatment, grain boundary ͑GB͒ diffusion of Ni in SMAT Cu is studied in the present work at room temperature. Since the treated samples have been stored for more than 2 months at room temperature after their preparation, no structural relaxation is expected to occur during the present diffusion experiments.
The disk samples were cut by spark erosion. The SMAT surface was pressed against a polished WC hard alloy plate with a compressive strain of about 10% to reduce the surface roughness and the samples were reduced in diameter by 1 mm in order to eliminate the side effects of pressing.
The 63 Ni radioisotope was deposited by drying a droplet of dilute HCl solution containing diffusant onto the surface of five different samples: the as-prepared SMAT sample ͑sample A͒, the one preannealed at 423 K for 60 min ͑sample B͒, the ones with removed surface layers of 12.5 and 27.5 m in thickness ͑samples C and D, respectively͒, and an annealed coarse-grained sample ͑sample O͒. All the samples were then stored at room temperature ͑293Ϯ 1 K͒ for 6.5ϫ 10 4 s ͑18 h͒. Diffusion penetration profiles were determined by the serial-sectioning technique using a precision parallel grinder and a special abrasive Mylar foil with Al 2 O 3 particles ͑3 m͒. The section thickness was determined from the mass reduction by weighing the sample after each grinding step. The tracer concentration in each section is proportional to its specific radioactivity, i.e., the ratio of the effective counting rate to the removed mass. The number of radioactive decay of 63 Ni was measured by a liquidscintillation counter TRI-CARB 2500 TR.
The diffusion profiles of Ni measured in the SMAT samples are plotted in associated with the remnant radioactivity of the deposited radioisotope layer and the parallel adjustment of the relative positions of sample surface and abrasive foil. Ni has evidently penetrated into the SMAT samples. The specific radioactivity of the tracer decreases continuously to the background radioactivity from the top surface to the depths of about 22, 17, 11, and 10 m in samples A, B, C, and D, respectively, while it drops sharply to the background value at the depth of about 3 m in sample O.
By extrapolating the results in Ref. 5 , one can see that the penetration depth of lattice diffusion is negligibly small in the present conditions, about 2 ϫ 10 −11 nm. Therefore, Ni penetrates into the SMAT samples by short-circuit diffusion paths such as various internal interfaces. According to the classical solution of GB diffusion problem in the C regime, 6 a Gaussian-like tracer distribution, ln C ϳ y 2 , is expected.
Here C is the layer tracer concentration and y is the sectioning depth. The diffusion profiles measured in samples A and B exhibit obviously two distinct short-circuit diffusion branches, a steep and a shallow one corresponding to the depths smaller or larger than about 10 m, respectively. In contrast, one short-circuit path governs diffusion in both samples C and D. These features correlate with the particular microstructure of SMAT Cu, viz., with the different microstructures of near-surface ͑region I, y Ͻ 10 m͒, subsurface ͑region II, 10 m Ͻy Ͻ 25 m͒, and deeper ͑region III, y Ͼ 25 m͒ regions.
As explained in Ref. 3 , grains in region III are refined via sequential formation of dislocation cells, transformation of the cell walls into subboundaries with small misorientations, and finally evolution of the subboundaries into highly misoriented high-angle GBs. The minimum grain size formed via this route is about 100 nm.
In region I, twinning plays an important role and grain refinement includes formation of a large number of twins dividing the original coarse grains into nanometer-thick twin-matrix ͑T-M͒ lamellae, development of dislocation walls that further subdivide the T-M lamellae into equiaxed nanosized blocks, and evolution of these preferentially oriented blocks into randomly oriented nanosized grains. As a result, a large amount of twin boundaries ͑TBs͒ are formed. Region II corresponds to an intermediate situation with a decreasing importance of the twinning process and the volume fraction of TBs decreases with increasing depth. Figure 2͑a͒ illustrates schematically the gradient microstructure with different grain sizes and interface structures at different depths in the SMAT surface layer. Both types of interfaces ͑the GBs and TBs͒ in SMAT Cu interact strongly with dislocations and other defects and are heavily distorted. It should be noted that TBs in region I are more distorted than those in region II because of the higher strain rate and strain in the former. This was confirmed by microstructural observations in Ref. 3 , where multiple lamellae with typical fcc twin orientation relationships might easily be found in region II but were difficult to be detected in region I by high-resolution transmission electron microscopy ͑TEM͒. Alternatively, twin relations between some adjacent grains in region I might still be suggested by the nanobeam diffraction pattern.
Therefore, the penetration profiles C and D were measured within single layers ͑II and III, respectively͒ and can be analyzed in a straightforward fashion. The analysis of the profiles A and B is more involved since diffusion proceeds sequentially in two layers ͑I and II͒ of different diffusivities.
Let D I ͑D II ͒ and C I ͑C II ͒ be the effective diffusivity and the tracer concentration in region I ͑II͒, respectively. Then in the case of a constant source,
and 
It is clear that the diffusivity in region II should be calculated with the origin at y = , and not at y =0. The penetration profiles are replotted in Fig. 2͑b͒ . The solid lines represent the corresponding fits by the complimentary error functions, Eqs. ͑2a͒ and ͑2b͒. The determined diffusion coefficients are listed in Table I . One can see that D II almost coincides with D III . This fact indicates that TBs do not practically affect tracer diffusion in layer II at room temperature.
Both diffusivities in regions I and II are much higher than that along GBs in the coarse-grained Cu ͓5.4 ϫ 10 −23 m 2 / s at 293 K ͑Ref. 8͔͒. They are expected to result from the numerous interfaces which are associated with a higher stored energy and/or with a higher density of defects compared to the interfaces in annealed coarse-grained materials. Such interfaces are conventionally described as "nonequilibrium" GBs. 9 They may facilitate diffusion by decreasing the vacancy formation energy. 10 The systematically decreased diffusivities in sample B confirm that the very fast diffusion in the SMAT sample mainly results from the nonequilibrium state of interfaces. TEM observations on the top surface layer of sample B show that the average grain size is 11Ϯ 4 nm after the preannealing treatment. It keeps stable relative to initial 10Ϯ 2 nm in the as-SMAT sample. 3 However, the highly diffuse contrast of the interfaces in the top surface layer of the as-SMAT sample becomes sharper after the preannealing treatment, indicating partial relaxation of the nonequilibrium state of interfaces.
The diffusivity along GBs can be derived from D II in samples A and C, or D III in sample D. It is more than six orders of magnitude higher than that along relaxed GBs. Significantly enhanced diffusivities of the nonequilibrium GBs in SPD materials have already been observed previously. [11] [12] [13] Supposing GBs in region I possess the same diffusivity ͑D gb ͒ as those in region II or III, one can deduce the diffusivity of TBs ͑D TB ͒ in region I. The effective diffusion coefficient in region I ͑D I ͒ is given by
where f gb is the area fraction of GBs among all the interfaces oriented along the diffusion direction and it may be estimated as 1 3 ͓see Fig. 2͑a͔͒ , assuming that GBs and TBs have the same widths under highly distorted states.
D TB is estimated to be about 3.5ϫ 10 −17 m 2 / s, which is more than five orders of magnitude higher than that along relaxed GBs in the coarse-grained Cu. 8 This is an upper estimated of D TB . However, even a more conservative estimate accounting for a smaller TB width with respect to the GB width still results in strongly enhanced diffusivities of the TBs in region I. The diffusion distance along TBs is about 5 m, much larger than the size of cells formed by dislocations. This confirms the validity of Eq. ͑3͒ to deduce D TB . A hypothetical contribution of dislocation walls, indicated in Fig. 2͑a͒ , is neglected since it is usually orders of magnitude smaller than that of high-angle GBs.
Since coherent TBs possess relatively small excess energies, about 0.024 J / m 2 , 14 they exhibit considerably decreased diffusivities. 15 Diffusion along TBs was measured in a study of solute diffusion of 195 Au along diffusion-bonded ͚3͗011͘ Cu bicrystals. 16 It was shown that the diffusion rate depends on the inclination angle with respect to the symmetrical plane and the maximum diffusivity was measured to be about one order of magnitude smaller than that along general high-angle GBs. Diffusion along coherent TBs was not possible to be measured even after very long annealing treatment.
The enhanced diffusion along TBs in the present study indicates their considerably higher energies relative to that of coherent TBs. Recently, the mean GBs energy in a dynamically deformed nanograined Cu sample, in which about 60% of GBs originated from TBs, was determined to be about 0.34 J / m 2 . 17 This confirms the significantly increased TB energy in nanostructured Cu produced via SPD. It might be even higher in the top surface layer of the SMAT Cu because the deformation was concentrated there resulting in more distorted TBs. 
